We examine the relation between gas-phase oxygen abundance and stellar mass-the MZ relation-as a function of the large scale galaxy environment parameterized by the local density. The dependence of the MZ relation on the environment is small. The metallicity where the MZ relation saturates and the slope of the MZ relation are both independent of the local density. The impact of the large scale environment is completely parameterized by the anti-correlation between local density and the turnover stellar mass where the MZ relation begins to saturate. Analytical modeling suggests that the anti-correlation between the local density and turnover stellar mass is a consequence of a variation in the gas content of star-forming galaxies. Across ∼ 1 order of magnitude in local density, the gas content at a fixed stellar mass varies by ∼ 5%. Variation of the specific star formation rate with environment is consistent with this interpretation. At a fixed stellar mass, galaxies in low density environments have lower metallicities because they are slightly more gas-rich than galaxies in high density environments. Modeling the shape of the mass-metallicity relation thus provides an indirect means to probe subtle variations in the gas content of star-forming galaxies.
INTRODUCTION
Chemical enrichment is important for understanding the evolution of galaxies. Heavy elements, i.e., metals, are synthesized in stars and then released into the interstellar medium (ISM) by stellar winds and supernova explosions. These metals mix with inflowing gas from the circum-and intergalactic medium. The metal-enriched ISM subsequently acts as the raw material for the next generation of stars. The metallicity thus reflects the history of star-formation and gas flows in galaxies.
The correlation between the stellar mass and gas-phase oxygen abundance is referred to as the mass-metallicity (MZ) relation. Lequeux et al. (1979) first showed that galaxies with larger stellar masses have higher metallicities. To first order, the origin of the MZ relation can be understood as a simple process of recycling metals from massive stars into the ISM. Galaxies with larger stellar masses have produced more massive stars and therefore have synthesized and released more heavy elements throughout their lives. Thus, a higher metallicity is naturally expected. However, galaxies do not evolve as closed systems. The metal content in the ISM may be altered by inflowing gas from the intergalactic medium and by outflows driven by stellar winds or supernovae. Thus, the metallicity in star-forming galaxies depends on both star-formation and gas flows.
Analytical chemical evolution models reproduce the average MZ relation (Spitoni et al. 2010; Peeples & Shankar 2011; Lilly et al. 2013; Zahid et al. 2014b; Spitoni 2015) . These models parametrize physical properties of galaxies, including the magnitude and metallicity of inflows and outflows and the star-formation rate (SFR). The combination of these models and measurements of the MZ relation provides constraints for the physical properties of galaxies (e.g., Lilly et al. 2013; Peng & Maiolino 2014; Zahid et al. 2014b ).
Galaxy environment is a potentially important driver of galaxy evolution. Several physical properties of galaxies are correlated with environment, including SFRs, colours, and morphologies (Oemler 1974; Dressler 1980; Hashimoto et al. 1998; Kauffmann et al. 2004; Hogg et al. 2004 ). The metallicity also appears to be dependent on the environment. In the nearby universe, galaxies in higher local density regions or in clusters have higher metallicities at given stellar mass on average (Mouhcine et al. 2007; Cooper et al. 2008; Ellison et al. 2009; Petropoulou, Vílchez, & Iglesias-Páramo 2012; Peng & Maiolino 2014) . However, the impact of the environment on metallicity is weak and depends on stellar mass. Low mass galaxies show metallicity vairations of 0.1 dex; in massive galaxies the metallicities are independent of environment. At higher redshifts, the dependence of metallicity on environment is not clear. Kulas et al. (2013) and Shimakawa et al. (2015) both report that proto-cluster galaxies at z ∼ 2 exhibit metallicity enhancements compared to field galaxies at those redshifts; Valentino et al. (2015) report opposite trends. The samples at high redshifts are small and may be subject to selection effects and systematic measurement uncertainties.
Several mechanisms may explain the dependence of metallicity on environment. The intergalactic medium (IGM) is enriched by metals expelled from galaxies through supernovae and/or stellar winds . The local gas reservoir may be more metal-rich in denser environments. Reaccretion of enriched gas in dense environments may boost the metallicity over galaxies in less dense regions Peng & Maiolino 2014) . On the other hand, galaxy mergers, tidal interactions, and ram-pressure stripping can disturb the ISM thus altering properties of the gas reservoir (Kewley et al. 2010; Torrey et al. 2012) . The effect of these environment dependent mechanisms on the metallicity is poorly constrained.
We investigate the impact of environment on the metallicity using the Universal Metallicity Relation (UMR) formulation of Zahid et al. (2014b, Z14 hereafter) . Regardless of the detailed properties of gas flows, the impact of the environment on the MZ relation can be well parameterized by a variation in the stellar mass where the MZ relation saturates. This result is a consequence of a variation in the gas content in star-forming galaxies with large scale environment. The environmental dependance of the SFRs of galaxies tests this interpretation. The shape of MZ relation provides a proxy for probing the average gas content in star-forming galaxies. This method is useful beyond the local Universe where direct measurements of ISM gas content are rare.
The data and the derivation of physical properties of galaxies are in Section 2. We introduce the chemical evolution model in Section 3. In Section 4 we quantify the impact of the environment on the MZ relation and interpret the origin of this effect physically. We discuss and summarize our results in Section 5 and Section 6, respectively. We adopt the standard cosmology (H0, Ωm, ΩΛ) = (70 km s −1 Mpc −1 , 0.3, 0.7) and a Chabrier (2003) IMF.
DATA AND ANALYSIS
We analyze the MZ relation at z 0.08 using data from the SDSS Data Release 7 (Abazajian et al. 2009 ). The sample is similar to the sample analyzed in Zahid et al. (2013) and Z14. Here we further select galaxies with local density estimates (see section 2.5). The redshift and stellar mass distributions for the sample analyzed here are shown in Figure 1 and we briefly describe the sample below.
The Data
The SDSS spectroscopic data consist of ∼ 900, 000 galaxies to a limiting magnitude of r = 17.8, primarily in the redshift range of 0 < z < 0.3. We adopt the line fluxes measured by the MPA/JHU and the ugriz-band c-model magnitudes. We require a signal-to-noise ratio (S/N) > 3 in the [O ii]λ3727
and Hβ emission lines, but apply no S/N cut on the [O iii]λ5007 line. S/N cuts on the [O iii]λ5007 emission line are known to bias measurements of the MZ relation at high metallicities (Foster et al. 2012) . We apply the same S/N criteria to the Hα and [N ii] emission lines in selecting starforming galaxies. These lines are required to remove AGN. We correct for dust extinction in the emission lines by inferring a reddening correction from the Balmer decrement. We derive the intrinsic color excess by assuming an intrinsic Hα/Hβ ratio of 2.86 (Osterbrock 1989) . We then correct for the dust attenuation using the extinction law of Cardelli, Clayton, & Mathis (1989) and a corresponding Rv = 3.1.
We select galaxies with z < 0.12 and require a g−band fiber aperture covering fraction of 20% from the comparison of the 3-arcsecond fiber flux with the total flux. This minimum covering fraction ensures the metallicity is representative of the global value (Kewley et al. 2005) . We select galaxies with log(M /M ) 9.0 to mitigate incompleteness and ensure reliable determination of metallicity (Section 2.4). Active galactic nuclei (AGNs) are removed from the sample using the Kewley et al. (2006) (Baldwin, Phillips, & Terlevich 1981) . We further require that galaxies have estimates of environment and are not near the edge of the survey field (Section 2.5). The final "MZ-ENV" sample contains 38,434 star-forming galaxies.
Stellar Mass
We derive stellar masses using the Le Phare code (Arnouts et al. 1999; Ilbert et al. 2006) . The stellar masses are determined by χ 2 fitting the observed photometry. The spectral energy distribution (SED) templates are generated with the stellar population synthesis package developed by Bruzual & Charlot (2003) . We adopt an exponentially decreasing star formation history (SFH), SFH ∝ e −t/τ , with the time scale τ = 0. 1, 0.3, 1, 2, 3, 5, 10, 15, and 30 Gyr. Three different metallicities, 0.2Z , 0.4Z and Z are used. We use a Calzetti et al. (2000) extinction law with E(B − V ) = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. The root-mean-square uncertainty in stellar mass is ∼ 0.1 dex (Z14).
Star Formation Rate
The SFRs for the MZ-ENV sample are derived by the MPA/JHU group using the technique of Brinchmann et al. (2004) and Salim et al. (2007) . The strong emission lines of each galaxy are fit using the nebular emission models of Charlot & Longhetti (2001) and all nebular emission lines contribute to the determination of extinction and SFR. Extinction and SFR come primarily from the Hα/Hβ flux ratio and the Hα luminosity, respectively. Details of the technique are in Brinchmann et al. (2004) and Salim et al. (2007) . We convert the SFR from a Kroupa to Chabrier IMF by dividing by 1.06. We rely on the relative accuracy in SFR measurements; uncertainties associated with the IMF have no impact on our conclusions. 
Gas-Phase Oxygen Abundance
We derive metallicities using the R23 strong line method calibrated by Kobulnicky & Kewley (2004) . We calculate the relevant ratios of emission fluxes
and
We assume that the flux ratio of [O iii] The calibration of Kobulnicky & Kewley (2004) is based on stellar evolution and photoionization model grids. We repeat our analysis using the empirically calibrated O3N2 metallicity diagnostic (Alloin et al. 1979) to test whether our results are sensitive to the metallicity diagnostic. The method considers two flux ratios, O3N 2 ≡ log{([O iii]λ5007/Hβ)/([N ii]λ6583/Hα)}, to derive the metallicity. We adopt the calibration of Pettini & Pagel (2004) , which is anchored on electron temperaturebased metallicities from H ii regions. Our conclusions do not depend on the diagnostic chosen (see Appendix A).
The intrinsic uncertainty in an individual measurement is ∼ 0.1 dex (Kobulnicky & Kewley 2004) . We rely only on the relative accuracies of metallicities determined from strong emission lines. Our analysis is not impacted by the uncertainties in the absolute calibration of metallicities (Kewley & Ellison 2008) . Throughout this work, the metallicity is given as a ratio of the number of oxygen atoms to hydrogen atoms and is quoted as 12 + log(O/H).
Environmental Estimate
We estimate the local density by calculating the kernelsmoothed r-band luminosity density field, following the procedure outlined in Tempel et al. (2012) . The galaxy catalog used for constructing the density field is drawn from the SDSS DR8 (Aihara et al. 2011 ). Tempel et al. (2012 select galaxies in the main contiguous region of the survey with r-band galactic extinction corrected magnitudes 12.5 < mr < 17.77. There are 576,493 galaxies in the catalog. All galaxies are K and evolution corrected to z = 0. The K-correction is calculated using the KCORRECT algorithm of Blanton & Roweis (2007) and the evolution correction is calculated from the luminosity evolution model of Blanton et al. (2003) . Large redshift space distortions due to galaxy peculiar velocities (finger-of-god effect) are suppressed (for details, see Tempel et al. 2012) . For the kernel scale adopted in this study, this correction is irrelevant.
To estimate the density field, the luminosity of each galaxy is first weighted by a distance-dependent factor to take into account the magnitude limit of the survey. Tempel et al. (2012) select galaxies with 12.5 < mr < 17.77 for constructing the density field. To account for contribution to the total luminosity by galaxies outside the observed range, Tempel et al. (2012) calculate a weighting factor for each galaxy W d,j . This factor is the ratio between the total luminosity of all galaxies relative to the sum of luminosities for galaxies within the luminosity range set by the magnitude limit:
L1 and L2 are the lower and upper luminosity limits at distance d corresponding to the bright and faint magnitude limits of mr = 12.5 and mr = 17.77, respectively. The average K and evolution correction at each distance are applied to the limits. Here n(L) is the luminosity function in the r-band determined in the survey region given by Tempel et al. (2012) :
where the characteristic luminosity L * corresponds to the r-band absolution magnitude Mr = −21.75.
The density at position i is the sum of the weighted, kernel-smoothed luminosities of all galaxies:
Lj is the luminosity of each galaxy, a is the kernel scale, and |rj − ri| is the distance between all galaxy at position j and the galaxy at position i. The sum is over all N galaxies in the sample. The B3 spline kernel is defined as:
(6) When |rj − ri| > 2a, B3(x) = 0. We adopt a kernel scale of 8 Mpc, corresponding to the galaxy correlation length (de Lapparent et al. 1988) .
The luminosity of the galaxy contributes to the density field at its own location. To mitigate the self-contribution to the density field, we calculate the local density around each MZ-ENV galaxy at a randomly chosen point within 1 Mpc of the positions of the target galaxy. To minimize the edge effects, we limit our analysis to galaxies that are farther than 8 Mpc from the survey edge. In this paper, we use the relative density, the density normalized to the median value, log(ρ/ρ med ).
To test the results, we also derive estimates of the environment using the nearest-neighbor analysis. We calculate both the 3rd and 5th projected nearest-neighbor density and find that our main conclusion (Section 4.1) does not depend on the approach to measuring environment. Figure 2 shows the MZ relation of the MZ-ENV sample. We sort galaxies into equally populated bins in stellar mass and plot the median stellar mass and metallicity for each bin. We determine the statistical uncertainties in the metallicity from bootstrap resampling. The uncertainty is smaller than the symbol size in Figure 2 . We model the MZ relation using the UMR formulation of Z14:
THE MZ RELATION IN THE CONTEXT OF THE UNIVERSAL METALLICITY RELATION

Fitting the MZ Relation
The MZ relation is described by three free parameters. Z0 is the saturation metallicity which quantifies the asymptotic upper metallicity limit observed in massive galaxies. M0 is the characteristic mass above which the metallicity asymptotically turns over and approaches the upper metallicity limit, Z0. γ is the slope of the MZ relation at the low-mass end where M M0. We fit the data using the MPFIT package implemented in IDL (Markwardt 2009 ) and weight the data by the inverse variance determined from bootstrapping. The best-fit parameters and the formal uncertainties of the fit are in Table 1. To verify the formal uncertainty of the fit given by the MPFIT package, we generate 1,000 bootstrap samples and repeat the fitting process. From the distribution of the Table 1 . Best-fit model parameters for the MZ-ENV galaxies.
9.100 ± 0.001 9.169 ± 0.006 0.505 ± 0.008 Z14 9.102 ± 0.002 9.219 ± 0.007 0.513 ± 0.009 -0.48 9.105 ± 0.004 9.212 ± 0.016 0.507 ± 0.021 -0.19 9.103 ± 0.004 9.197 ± 0.015 0.496 ± 0.019 0.00 9.107 ± 0.004 9.174 ± 0.016 0.464 ± 0.019 0.18 9.102 ± 0.004 9.174 ± 0.014 0.504 ± 0.021 0.43 9.098 ± 0.003 9.124 ± 0.013 0.498 ± 0.018 1,000 sets of best-fit parameters, we find a good agreement with Table 1 . The best-fit Zo and γ for the MZ-ENV sample agree with the parameters measured by Z14 (see Table 1 ). The small difference in M0 is a result of sample selection. Tempel et al. (2012) apply strict magnitude selection with K and evolution corrections to the data. At higher redshifts, the Tempel et al. (2012) selection preferentially removes lower mass, high SFR and lower metallicity galaxies in the Zahid et al. (2014b) sample. The exclusion of these galaxies results in the small difference in M0. Here we only measure the relative change in metallicity within a consistently selected sample of galaxies and thus are not affected by the small differences due to selection effects.
Physical Interpretation
The model we fit to the data (Equation 7) is motivated by an analytical solution to the differential equation of galactic chemical evolution. The UMR formulation is based on the inflow model first introduced by Larson (1972) but with important modifications to account for the impact of gas flows on metallicity. Z14 interpret the origin and evolution of the MZ relation using the UMR formulation.
Z14 find that the metallicity where the MZ relation saturates and the slope of the MZ relation are independent of redshift. The redshift evolution of the MZ relation is solely parameterized by evolution in the turnover mass where the MZ relation begins to saturate. Based on the UMR formulation, the turnover mass is set by the zero-point of the relation between the stellar and gas mass. Thus, the redshift evolution of the MZ relation is a consequence of variations in the gas content of galaxies. We show that this interpretation can explain the dependence of the MZ relation on environment. Details of the UMR formulation can be found in Z14, below we discuss the salient features of the model and its derivation.
Z14 show the change in the gas-phase metallicity with respect to stellar mass can be expressed as
We take the metallicity as the mass density of oxygen relative to hydrogen, Z ≡ Mz/Mg. Here, Mz is the mass of oxygen in the gas-phase and Mg is the hydrogen gas mass 1 . The solution to Equation 8 is the metallicity as a function of stellar mass, i.e. the MZ relation.
The numerator of the right-hand-side (RHS) of Equation 8 is the net gain of metals in the ISM due to star formation. The first term of the RHS is defined as YN ≡ Y − ζ. Y is the nucleosynthetic yield, the mass of oxygen created per unit SFR and ζ is the amount of oxygen loss due to gas flows per unit SFR. Y does not depend strongly on any galaxy properties (Thomas et al. 1998; Kobayashi et al. 2006) , therefore, we treat Y as a constant. For ζ, the detailed process of inflows and outflows and their chemical properties are poorly understood and it is not possible to quantify their impact on metallicity from theoretical arguments alone (Zahid et al. 2014a ). Based on multi-epoch observations of the MZ relation and the relation between stellar mass and SFR, Zahid et al. (2012) develop a semi-analytical framework to show that the total mass of oxygen expelled from galaxies over their lifetime is nearly proportional to their stellar mass. This empirical constraint implies that ζ is approximately constant. Therefore, Z14 combined Y and ζ into one constant, YN , which they refer to as the net yield. Thus, YN is the mass of oxygen produced by star formation but accounting for the net amount of oxygen expelled from the ISM. R is the fraction of mass returned to the ISM and thus the second term on the RHS, Z(1 − R), represents oxygen that is locked-up in low mass stars forever.
The gas mass of star-forming galaxies is reasonably well described by a power law over approximately four orders of magnitudes in stellar mass (e.g., Papatergis et al. 2012) . We parameterize the relation between gas and stellar mass by
where G is the normalization and g is the power law index.
1 The mass density and number density of oxygen relative to hydrogen in the ISM is related by a constant scaling factor.
Adopting this relation, the solution to Equation 8 is
Here we have dropped a factor (1-R)/(1-g) in the exponent because R and g are nearly equal (Z14). The UMR formulation of Z14 is based on the direct correspondence between Equations 7 and 10. By taking the logarithm of Equation 10, we can directly relate the parameters we fit to the MZ relation to physical parameters which analytically describe the chemical evolution of galaxies. Thus, the saturation metallicity, Z0, is determined by the net yield and return fraction:
The impact of inflows and outflows on metallicity is encapsulated in Z0. M0 and γ together represent the stellar-to-gas mass ratio:
Replacing Mg on the RHS with the relation between gas and stellar mass given in Equation 9, we have
In the UMR interpretation, the low-mass-end slope γ which we measure by fitting the MZ relation reflects the slope of the relation between gas and stellar mass. The characteristic turnover mass M0 is related to the normalization of the gas and stellar mass relation. The three model parameters we fit to the MZ relation (Equation 7) combined with the UMR formulation provide constraints on the physical properties of star-forming galaxies. Figure 2 shows that at small stellar masses, the MZ relation increases linearly with the logarithm of the stellar mass. At the low mass end, the metallicity is small and Z(1 − R) YN ; Equation 8 reduces to dZ/dM * ≈ YN /Mg. YN is constant thus the metallicity is directly proportional to the stellar-to-gas mass ratio (this can also be seen by Taylor expanding Equation 10). At intermediate stellar masses the MZ relation begins to turnover and asymptotically approaches the upper metallicity limit at large stellar masses. This turnover occurs when the metallicity becomes large enough that an appreciable fraction of metals produced by massive stars become forever locked up in low mass stars and finally saturates when Z(1 − R) = YN (in Equation 8, dZ/dM * = 0). At this point, the amount of metals formed in high mass stars exactly equals the amount of metals forever locked up in low mass stars and the metallicity cannot increase further. From Equation 7 and Equation 12 we see that the stellar mass where this turnover occurs, M0, corresponds to the the stellar mass where the stellar-to-gas mass ratio is near unity.
Z14 examine the redshift evolution of the MZ relation. The parameters Z0 and γ remain constant between 0.1 z 1.6; M0 increases with redshift. Thus, the metallicity plotted as a function of stellar mass normalized to M0 is a universal, redshift-independent relation. Based on the UMR formulation, Z14 conclude that this universal relation is a relation between metallicity and stellar-to-gas mass ratio. The evolution of M0 simply reflects the redshift evolution of stellar-to-gas mass ratio. The larger M0 at higher redshifts indicates that at a fixed stellar mass, galaxies contain more gas (Equation 9 and 14) . Thus, the stellar masses and metallicities are proxies for the gas content of galaxies.
We will use the UMR formulation to investigate the environmental dependence of the MZ relation. We fit the MZ relation for galaxies in different environments and infer the underlying physical properties from a comparison of the best-fit parameters with our chemical evolution model. As with the redshift evolution of the MZ relation, we will show that the variation of the MZ relation as a function of environment can be parameterized solely by a variation in M0. We interpret this as a consequence of variation in the gas content of galaxies.
THE ENVIRONMENTAL DEPENDENCE IN THE MZ-ENV SAMPLE
Several studies of galaxies in the local universe suggest that the galaxies in higher density environments have higher metallicities (Mouhcine et al. 2007; Cooper et al. 2008; Ellison et al. 2009; Petropoulou, Vílchez, & Iglesias-Páramo 2012; Peng & Maiolino 2014 ). Here we examine this issue, quantifying the effect of the environment on the MZ relation using the UMR framework.
The MZ Relation as a Function of Environment
We sort the MZ-ENV sample into 5 equally populated bins of local density to investigate the environmental dependence of the MZ relation. Figure 3a shows the MZ relation for the lowest and the highest density bins. Galaxies in highdensity regions have higher metallicity than galaxies in the low-density regions. However, the difference is small and is most prominent at the low mass end. This trend is similar to the mass dependent redshift evolution of the MZ relation (e.g. Zahid, Kewley, & Bresolin 2011) and is a consequence of the fact that the saturation of metallicities occurs at larger stellar masses for galaxies residing in lower density environments. Figure 3b shows the dependence of metallicity on environment for the MZ-ENV sample. For each galaxy, we measure the residual, ∆ [O/H] , as the difference between the metallicity of the galaxy and the metallicity derived from the fit to the sample (see Section 3). The median residual shows a weak correlation between metallicity and local density. We separate the MZ-ENV galaxies into two sub-samples segregated by stellar mass and plot the median ∆ [O/H] of each sub-sample. The environmental effect is more significant for low-mass galaxies. For high-mass galaxies, the ∆ [O/H] is nearly independent of environment. The overall behavior of the residuals agrees with previous studies (Mouhcine et al. 2007; Cooper et al. 2008) We fit the MZ relation sorted in five bins of local density using our model (Equation 7). Table 1 and Figure 4 show the best-fit parameters, as well as the covariance among three parameters for the MZ relation fits. Z0 and γ for the five MZ relations are consistent ( 2σ) with the best-fit value of the whole MZ-ENV sample. The density bin with log(ρ/ρ med ) = 0 deviates from the mean values of Z0 and γ the most; Z0 is higher and γ is lower than the mean values by ∼ 2σ. We note that there is a strong covariance between Z0 and γ, where lowering Z0 and increasing γ at the same time would also yield a reasonably good fit. Thus, the > 2σ offset in Z0 and γ seen for galaxies in the median density bin (green points) may in part be a consequence of the model covariance. On the contrary, M0 has a significant dependence on local density. There is weak to no covariance between M0 and Z0, and M0 and γ. The best-fit M0 is not affected by varying Z0 or γ. Figure 4 shows a linear fit to the best-fit model parameters as a function of local density. The slopes of the fit of Z0 and γ as a function local density are consistent with zero ( 1σ). The data suggest that Z0 and γ are independent of environment. The effect of the environment on the MZ relation can be quantified by the variation in M0. In the UMR formulation, M0 is directly related to the zero-point of the relation between gas mass and stellar mass (see Equation  14 ). This result implies that the environmental dependence on the MZ relation is mainly driven by variations in the zero-point of the relation between gas mass and stellar mass in star-forming galaxies. At fixed stellar mass, galaxies in high-density environments contain less gas, on average, as compared to galaxies in lower density environments.
Quantifying the Environmental Effect on M0 and the Gas Content
In Section 4.1, we show that Z0 and γ have no significant dependence on environment. To robustly quantify the environmental effect on M0, we refit the MZ relation for each sub-sample but fix Z0 and γ to the best-fit value derived from the whole MZ-ENV sample. Thus, M0 is the only free parameter. The best-fit M0 is given in Table 2 . Figure 5 shows M0 as a function of density which is M0 = (−0.047±0.014)×log(ρ/ρ med )+(9.168±0.006) (15) In the range of local density we probe [−0.5 log(ρ/ρ med ) 0.5], M0 varies by ∼ 0.05 dex. Using the UMR interpretation and Equations 9, 13, and 14, we can calculate the average gas content of star-forming galaxies as a function of stellar mass from the parameters we fit to the MZ relation:
The 0.05 dex variation in M0 translates into ∼ 0.025 dex (∼ 6%) variation in gas mass.
Measurements of the MZ relation suggest a subtle environmental dependence of the gas content in galaxies as a function of environment. We use Equation 16 to convert the best-fit M0-ρ relation shown in Figure 5 and given by Equation 15 to a ∆Mg-ρ relation. At a fixed stellar mass, ∆Mg is the gas mass at density ρ relative to the average gas mass of a galaxy at the median density of the sample. The relation is ∆Mg = (−0.023 ± 0.007) × log(ρ/ρ med ) − (0.001 ± 0.003).
(17) This dependence of the ISM gas content of star forming galaxies on the environment accounts for the variation of the MZ relation we measure.
Previous studies have found that the SFR is proportional to the gas mass (Kennicut 1998; Cluver et al. 2010; Huang et al. 2012) . Therefore, if our interpretation is correct, we anticipate a commensurate dependence of the SFR on the environment. At fixed stellar mass, star-forming galaxies in higher density environments should have lower SFRs because of their smaller gas reservoirs.
We test the dependence of SFRs on environment by calculating
Here, Ψi is the specific SFR (sSFR) of galaxy, i, and Ψ(M * ,i) is the median sSFR rate for galaxies in the MZ-ENV sample at the same stellar mass. In practice, we calculate the Ψ(M * ,i) by taking the median sSFR of galaxies in a narrow stellar mass range (∆M * ∼ 0.05 dex). If the ISM content of star-forming galaxies varies with environment as described in Equation 17, we expect a smaller ∆Ψ,i for galaxies in higher density environments. Figure 6 shows the median ∆Ψ,i in bins of local density. The statistical uncertainty is determined by bootstrap resampling. The median ∆Ψ,i in bins of local density is bestfit by ∆Ψ(ρ) = (−0.021 ± 0.006) × log(ρ/ρ med ) + (0.000 ± 0.002) (19) (solid line in Figure 6 ). The sSFR varies by ∼ 0.02 dex as a function of local density. The dashed line in Figure 6 is the ∆Ψ predicted from the variation in gas content inferred from measurements of the MZ relation (Equation 17) assuming that the SFR ∝ Mg. The slope of the two relations (Equation 19 and Equation 17) are consistent. Thus, the variation in gas content as a function of local density we derive from our fit of the MZ relation is consistent with the variation of sSFR as a function of local density. Measurements of metallicity and sSFR are independent. The consistency supports our conclusion that the environmental dependence of the MZ relation is mainly a consequence of the gas content in star-forming galaxies.
DISCUSSION
Galaxies in higher local density regions have higher gasphase metallicities on average. The effect is subtle and depends on stellar mass. The median metallicity of lower mass galaxies (M 10 10 M ) varies by ∼ 0.02 dex over a local density range −0.5 log(ρ/ρ med ) 0.5; the metallicities Figure 6 . The residuals of the sSFR (∆ Ψ ) as a function of local density. The residuals are calculated as the difference between the sSFR compared to the median value at given stellar mass (open squares). The solid line is a fit between the median ∆ Ψ and local density. The dashed line is the ∆Mg predicted from the variation in gas content inferred from the dependence of M 0 on environment assuming SFR∝ Mg as a function of local density. The variation in gas mass inferred from the model agrees with the variation in sSFR.
this dependence of metallicity on environment is expected if gas content varies with environment.
Early work investigating the impact of environment on gas content focused on galaxies residing in clusters. These studies demonstrate that cluster galaxies are gas deficient (e.g., Giovanelli & Haynes 1985; Solanes et al. 2001; Bothwell et al. 2016) . Recent, blind H i surveys of the galaxy population (Arecibo Legacy Fast ALFA Survey, ALFALFA; Haynes et al. 2011 ) measure the gas content of galaxies over a broader range of environments. Galaxies in denser environments, in general, have less gas (Fabello et al. 2012; Catinella et al. 2013; Odekon et al. 2016) . Thus, the gas content of galaxies as probed by direct measurements appears to be anti-correlated with local density.
Metallicity is also reported to be anti-correlated with both the SFR and gas-content of galaxies. At fixed stellar mass, low metallicity galaxies on average have more H i gas and have higher star formation rates (Bothwell et al. 2013; Mannucci et al. 2010; Mannucci, Salvaterra, & Campisi 2011) . From these observations, a galaxy at low density region is expected to have more gas and, as a result, lower metallicity. The UMR framework provides a theoretical framework for interpreting the relation between stellar mass, metallicity and environment in terms of gas-content.
Metallicity measured from strong emission lines of H ii regions is essentially a SFR-weighted average and is only sensitive to gas in the ISM (Bothwell et al. 2016) . Thus, the use of metallicities as a proxy for gas content is complementary to direct measurements of cold gas which may be sensitive to gas distributed more broadly than the ISM of galaxies. H i deficient galaxies in clusters have higher metallicity (Skillman et al. 1996; Dors & Copetti 2006; Zhang et al. 2009; Ellison et al. 2009 ). These studies demonstrate that in clusters the deficiency of HI directly impacts the gascontent of the interstellar medium. We extend these results based on analysis of cluster galaxies to a larger range of environments; gas-content is weakly correlated with the large scale environment and this explains the subtle dependence of metallicities and specific star formation rates of galaxies on environment.
Currently, direct measurements of H i gas mass are still largely confined to the local universe due to the sensitivity of observing facilities. For example, the ALFALFA survey provides more than ten thousand sources, but it only reaches out to z ∼ 0.05. Measurements of metallicity provide an alternative to probe the gas content in star-forming galaxies. Because this method measures strong optical emission lines, it can be applied to a large number of galaxies at higher redshifts with reasonable observing resource. With future large-scale spectroscopic surveys such as the Subaru Prime Focus Spectrograph (PFS) survey (Takada et al. 2014) , this method can potentially estimate the gas content in starforming galaxies out to higher redshifts.
For the UMR model, the saturation metallicity Z0 depends on the nucleosynthetic yield and the net fraction of the oxygen formed in massive stars that is expelled from galaxies in outflows; γ is set by the slope of the stellar massgas mass relation. Z14 show that Z0 and γ do not depend on redshift. Here we show that these parameters do not depend on environment either. The insensitivity of these parameters to redshift and environment provides constraints for models of galaxy formation and evolution which include star formation, feedback and gas flows. In particular, the slope of the relation between stellar mass and gas mass and the fraction of oxygen formed by galaxies which is expelled from the interstellar medium appear to be independent of redshift and the large scale environment.
SUMMARY
We examine the MZ relation as a function of environment based on analysis of ∼ 40, 000 galaxies in the SDSS. We show that the gas-phase metallicity has a weak dependence on the environment.
The MZ relation is a power-law at low stellar masses and saturates at high stellar masses. The shape of the MZ relation does not depend on environment. The environmental dependence is completely parameterized by variation of the turnover stellar mass where the MZ relation saturates; the turnover mass is smaller in high density environments. At stellar masses below the turnover stellar mass, galaxies in higher local density regions have on average higher metallicity. Above the turnover mass the metallicity saturates and thus is independent of environment.
We interpret the environmental dependence of the MZ relatoin using the analytical chemical evolution model of Z14. Based on comparing the best-fit parameters with the model we show that the turnover of the MZ relation depends on the gas-content of galaxies. Thus the gas content in star-forming galaxies is the most important parameter for understanding the impact of environment on the metallicity. The specific star formation has a corresponding dependence on the environment supporting our interpretation. We show that a ∼ 5% change in gas content over the density regime probed in this study can explain the measured dependence of the metallicity and specific star formation rate on the environment.
Modeling the MZ relation provides a means to probe the average gas content in star-forming galaxies. This method can be applied to galaxies at higher redshifts. With large spectroscopic surveys, this method may be sensitive to few percent difference in gas mass, thus providing a powerful tool to study the gas content in star-forming galaxies through cosmic time.
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• galaxies in different redshift ranges; • more stringent S/N criteria; • more stringent fiber covering fraction requirements.
The results of these various analysis are consistent with the results presented in the main text. In particular, we conclude that only M0 varies as function of overdensity. The measured dependence of M0 on overdensity is consistent with results presented in the main text; the errors are larger due to smaller sample size. Pettini & Pagel (2004) used electron temperature-based metallicities from H ii regions to emperically calibrate two metallicity diagnostics, the N2 and O3N2 indices, where N 2 ≡ log([N ii]λ6583/Hα), and
A1 Metallicity diagnostics
Above solar metallicity the N2 index saturates and is not sensitive to metallicity (Pettini & Pagel 2004) . Fig. A1 compares the N2 metallicity of our sample galaxies to the R23 diagnostics. The flattening at high metallicities demonstrates the artificial saturation of N2 metallicity. Saturation of the N2 diagnostic masks the turnover in the MZ relation and thus can not be used to measure the turnover mass in the MZ relation. On the other hand, the O3N2 calibration is sensitive at high metallicity end (right panel of Fig. A1 ). We thus test our result with the O3N2 calibration. Fig. A2 compares the best-fit M0 using R23 and O3N2 methods. The two methods give consistent environmental dependence for M0.
A2 Redshift
We separate the MZ-env sample into two equal-size redshift bins. The result is plotted in Fig. A3 . The large uncertainty in the low-z subsample is a result of lacking high mass galaxies. In the low-z sample, only < 10% of galaxies have log(M /M ) > 10. Therefore, the shape of the MZ relation is poorly constrained but consistent with results presented in Section 4.2.
A3 S/N ratio
We apply an S/N > 3 cut for the MZ-env sample. Here we show two results with S/N > 5 and S/N > 7 (Fig. A4) . We note that applying an S/N cut is similar to applying a massdependent cut on sSFR. Because of the strong dependence of metallicity on sSFR, a stringent S/N cut potentially distorts the shape of the MZ relation (see Foster et al. 2012) . The large uncertainty with S/N > 7 cut is mainly due to lack of high-mass galaxies in the sample.
A4 Covering fraction
Imposing a minimum covering fraction potentially introduces a selection bias on galaxy structure. The 20% minimum covering fraction is to ensure the metallicity measured from fiber is representative of the globle value (Kewley et al. 2005) . Fig. A5 shows the result with minimum fiber covering fraction of 25% and 30%. Figure A5 . Best-fit parameters for different fiber covering fractions. The sample size is ∼ 75% and ∼ 50% of the MZ-env sample for covering fraction > 25% (left panel) and > 30% (right panel), respectively. The Z 0 and γ are fixed to the best-fit value. The slope of the best-fit M 0 − ρ relation from the MZ-env sample is labeled at the corner of the left panel.
